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ABSTRACT 9 
Understanding the relation between genotype and phenotype remains a major challenge. 10 
The difficulty of predicting individual mutation effects, and particularly the interactions 11 
between them, has prevented the development of a comprehensive theory that links 12 
genotypic changes to their phenotypic effects. We show that a general thermodynamic 13 
framework for gene regulation, based on a biophysical understanding of protein-DNA 14 
binding, accurately predicts the sign of epistasis in a canonical cis-regulatory element 15 
consisting of overlapping RNA polymerase and repressor binding sites. Sign and magnitude 16 
of individual mutation effects are sufficient to predict the sign of epistasis and its 17 
environmental dependence. Thus the thermodynamic model offers the correct null 18 
prediction for epistasis between mutations across DNA-binding sites. Our results indicate 19 
that a predictive theory for the effects of cis-regulatory mutations is possible from first 20 
principles, as long as the essential molecular mechanisms and the constraints these impose 21 
on a biological system are accounted for.  22 
 23 
 24 
 25 
 2
INTRODUCTION 26 
The interaction between individual mutations – epistasis – determines how a genotype maps 27 
onto a phenotype (Wolf et al. 2000; Phillips 2008; Breen et al. 2012). As such, it determines 28 
the structure of the fitness landscape (de Visser and Krug 2014) and plays a crucial role in 29 
defining adaptive pathways and evolutionary outcomes of complex genetic systems (Sackton 30 
and Hartl 2016). For example, epistasis influences the repeatability of evolution (Weinreich et 31 
al. 2006; Woods et al. 2011; Szendro et al. 2013), the benefits of sexual reproduction 32 
(Kondrashov 1988), and species divergence (Orr and Turelli 2001; Dettman et al. 2007). 33 
Studies of epistasis have been limited to empirical statistical descriptions, and mostly focused 34 
on interactions between individual mutations in structural proteins and enzymes (Phillips 35 
2008; Starr and Thornton 2016). While identifying a wide range of possible interactions 36 
(Figure 1), these studies have not led to a consensus on whether there is a systematic bias on 37 
the sign of epistasis (Lalic and Elena 2012; Kussell 2013; Valenich and Gore 2013; Kondrashov 38 
and Kondrashov 2014), a critical feature determining the ruggedness of the fitness landscape 39 
(Poelwijk et al. 2011). Specifically, it is only when mutations are in sign epistasis that the 40 
fitness landscape can have multiple fitness peaks - a feature that determines the number of 41 
evolutionary paths that are accessible to Darwinian adaptation (de Visser and Krug 2014). 42 
Furthermore, even a pattern of positive or negative epistasis has consequences for important 43 
evolutionary questions such as the maintenance of genetic diversity (Charlesworth et al. 44 
1995) and the evolution of sex (Kondrashov 1988; Otto and Lenormand 2002). While the 45 
absence of such a bias does not reduce the effect of epistasis on the response to selection, it 46 
does demonstrate that predicting epistasis remains elusive.   47 
 48 
Scarcity of predictive models of epistasis comes as no surprise, given that most experimental 49 
studies focused on proteins. The inability to predict structure from sequence, due to the 50 
prohibitively large sequence space that would need to be experimentally explored in order to 51 
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understand even just the effects of point mutations (Maerkl and Quake 2009; Shultzaberger 52 
et al. 2012), let alone the interactions between them, prevents the development of a 53 
predictive theory of epistasis (Lehner 2013; de Visser and Krug 2014). In fact, the only 54 
predictive models of epistasis focus on tractable systems where it is possible to connect the 55 
effects of mutations to the underlying biophysical and molecular mechanisms of the 56 
molecular machinery (Dean and Thornton 2007; Lehner 2011); namely, RNA sequence-to-57 
shape models (Schuster 2006), and models of metabolic networks (Szathmáry 1993). Even 58 
though these studies have provided accurate predictions of interactions between mutations, 59 
applying their findings to address broader evolutionary questions remains challenging. For 60 
RNA sequence-to-shape models, the function of a novel phenotype (new folding structure) is 61 
impossible to determine without experiments. In addition, this approach cannot account for 62 
the dependence of epistatic interactions on even simple variations in cellular environments, 63 
which are known to affect epistasis (Flynn et al. 2013; Caudle et al. 2014). On the other hand, 64 
metabolic network models are limited to examining the effects of large effect mutations, like 65 
deletions and knockouts, and lack an explicit reference to genotype.  66 
 67 
In order to overcome the limitations of existing theoretical approaches to predicting 68 
epistasis, we focused on bacterial regulation of gene expression as one of the simplest model 69 
systems in which the molecular biology and biophysics of the interacting components are 70 
well understood. We analyze the effects of mutations in a prokaryotic cis-regulatory element 71 
(CRE) – the region upstream of a gene containing DNA binding sites for RNA polymerase 72 
(RNAP) and transcription factors (TFs). As such, we study a molecular system where an 73 
interaction between multiple components, rather than a single protein, determines the 74 
phenotype. Promoters that are regulated by competitive exclusion of RNAP by a repressor 75 
are particularly good candidates for developing a systematic approach to understanding 76 
epistasis as, in contrast to coding regions as well as more complex CREs and activatable 77 
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promoters (Garcia et al. 2012), the phenotypic effects of mutations in binding sites of RNAP 78 
and repressor are tractable due to their short length and the well-understood biophysical 79 
properties of protein-DNA interactions (Bintu et al. 2005b; Saiz and Vilar 2008; Vilar 2010). 80 
Understanding the effects of point mutations in the cis-element on the binding properties of 81 
RNAP and TFs allows for the construction of a realistic model of transcription initiation (Bintu 82 
et al. 2005a; Kinney et al. 2010), while providing a measurable and relevant phenotype - gene 83 
expression level - for the analysis of epistasis. 84 
 85 
RESULTS 86 
Here we studied epistasis between point mutations in the canonical lambda bacteriophage 87 
CRE (Ptashne 2011) (Fig.2). We employ a fluorescent reporter protein that is under the 88 
control of the strong lambda promoter PR (Fig.2a), which is fully repressed by an inducible TF, 89 
CI (Fig.2b). RNAP and CI have overlapping binding sites in this CRE, and hence compete for 90 
binding. We created a library of 141 random double mutants in the CRE, with all their 91 
corresponding single mutants (Supplementary File 1). This design allows us to calculate 92 
epistasis between the mutations in the cis-regulatory element in two environments: in the 93 
absence of CI, when only RNAP determines expression; and in the presence of CI when the 94 
two proteins compete for binding. 95 
 96 
Most double mutants change the sign of epistasis between the two environments 97 
Throughout we assume a multiplicative model of epistasis, which defines epistasis as a 98 
deviation of the observed double mutant expression level (relative to the wildtype) from the 99 
product of the relative single mutant expression levels (Phillips 2008). It should be noted that 100 
there is no a priori expectation for the sign of epistasis, even if most mutations are 101 
deleterious: epistasis denotes only deviations from the expected phenotype of the double 102 
mutant, and can be either positive or negative (Figure 1). First, we measured expression 103 
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levels in the absence of CI (Fig.3 – Figure Supplement 1a, Fig.3 – Figure Supplement 2a). We 104 
observe that the majority of double mutants are in negative epistasis (Fig.3a) — the observed 105 
double mutant expression level is lower than the multiplicative expectation based on single 106 
mutant expression levels (Pearson’s χ21,112=43.82, p<0.0001). Specifically, we observe 107 
negative epistasis in 83% of 113 mutants that display statistically significant epistasis, while 108 
28 double mutants do not display significant epistasis (Fig.3a, Fig.3 – Source Data 1).  109 
 110 
Next we estimated epistasis at high CI concentration, when gene expression depends on the 111 
competitive binding between RNAP and CI (Fig.3b,  Fig.3 – Figure Supplement 1b, Fig.3 – 112 
Figure Supplement 2b, Fig.3 – Source Data 1). In a repressible promoter, the effects of 113 
mutations on the binding of the two proteins have opposite effects on gene expression — a 114 
reduction in RNAP binding leads to a decrease in gene expression, while a reduction in CI 115 
binding leads to higher expression levels. By comparing epistasis between two environments 116 
– absence of CI and high CI concentration – we find that the 141 tested random double 117 
mutants show a strong dependence on the environment (ANOVA testing for a GxGxE 118 
interaction: F1,280=21.77; p<0.0001), in line with previous observations in another bacterial 119 
regulatory system (Lagator et al. 2015). Interestingly, 58% of double mutants display a 120 
change in the sign of epistasis between the two environments (Fig.4). Especially prevalent is a 121 
switch from negative epistasis in the absence of CI, to positive epistasis in its presence (Fig.4). 122 
Strikingly, the proportion of double mutants exhibiting reciprocal sign epistasis (when the 123 
sign of the effect of each mutation changes in the presence of the other mutation) is greater 124 
in the presence (66%) than in the absence (8%) of CI (Supplementary File 2). This difference 125 
likely arises from the molecular architecture of a repressible strong promoter. Mutations 126 
affect the binding of both DNA binding proteins, but in the presence of CI the effect on the 127 
binding of RNAP is only unmasked when CI does not fully bind, a scenario that is more likely 128 
in the presence of two mutations. 129 
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 130 
Generic model of a simple CRE 131 
In order to understand these observations, we created a model of gene regulation that relies 132 
on statistical thermodynamical assumptions to model the initiation of transcription, originally 133 
developed to describe gene regulation by the lambda bacteriophage repressor CI (Ackers et 134 
al. 1982). Importantly, our model is generic, as it does not consider the details of any specific 135 
transcription factors involved in regulation. Instead, we model competitive binding between 136 
two generic transcription factors that share a single binding site (Fig.5a). The binding of one 137 
of these TFs leads to an increase in the gene expression level, in a manner similar to the 138 
function of a typical RNAP or an activator. The other is a repressor molecule, the binding of 139 
which has a negative effect on gene expression level, achieved by blocking access of the 140 
activator to its cognate binding site. In order to draw a parallel to our experimental system, 141 
we refer to these two TFs in the generic model as ‘RNAP’ and ‘repressor’, without actually 142 
relying on any specific properties of the two molecules, such as CI dimerization, or 143 
cooperative binding of CI dimers to multiple operator sites. 144 
 145 
In the thermodynamic model of transcription, each DNA-binding protein is assigned a binding 146 
energy (Ei) to an arbitrary stretch of DNA. In our formulation, we assume that each position 147 
along the single DNA binding site under consideration contributes additively to the global 148 
free binding energy – an assumption found to be accurate at least for a few mutations away 149 
from a reference sequence (Vilar 2010). These energy contributions can be determined 150 
experimentally (Kinney et al. 2010), and are typically represented in the form of an energy 151 
matrix. Given a set of DNA binding proteins (specifically, their energy matrices) and a 152 
promoter sequence, a Boltzmann weight can be assigned to any configuration of these 153 
proteins on the promoter. The Boltzmann weight is proportional to the probability of finding 154 
the system in each of the possible configurations. By assigning a Boltzmann weight to all 155 
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configurations, one can calculate the probability of finding the system in a particular state (a 156 
set of configurations sharing a common property). Specifically, one can calculate the 157 
probability of finding the system in a configuration that leads to the initiation of transcription 158 
(Fig.5a).  159 
 160 
In our generic model, we consider only a single binding site to which ‘repressor’ and ‘RNAP’ 161 
compete for binding. Note that the model does not make any assumptions about the identity 162 
of the TFs that are binding DNA and hence does not utilize any specific energy matrix. The 163 
model is, therefore, general in nature, relying only on the physical and mechanistic 164 
properties of protein-DNA binding. In such a system, three basic configurations are possible: 165 
no proteins bound to DNA, only ‘RNAP’ bound, or only ‘repressor’ bound (Fig.5a). Each of 166 
these states is assigned a Boltzmann weight (Z) based on its free binding energy Ei : 1; 167 
[ܲ]݁ିఉாು ; and [ܴ]݁ିఉாೃ , respectively, where β is 1/kBT; subscript P refers to ‘RNAP’, 168 
subscript R to the ‘repressor’; [P] and [R] to the exponential of the chemical potential for the 169 
‘RNAP’ and the ‘repressor’ which for simplicity we equate to the concentrations of the two 170 
molecules; and Ei corresponds to the change in Gibbs free energy of the reaction of the 171 
binding between protein and DNA. Assuming that the system is in thermodynamic 172 
equilibrium, we can calculate the probability of finding the system in a configuration leading 173 
to transcription (pON) – when RNAP is bound: 174 
݌ைே =
[ܲ]݁ିఉாು
1 + [ܲ]݁ିఉாು + [ܴ]݁ିఉாೃ  
The phenotype of a mutant is obtained by calculating pON for a free energy E’i=Ei+Δ, where Δ 175 
represents the effect of the mutation on the binding of the protein to the sequence. The 176 
energies of single mutants and double mutants are ܧ௉௠భ = ܧ௉ + ݌ଵ and ܧோ௠భ = ܧோ + ݌ଵ; and 177 
ܧ௉௠మ = ܧ௉ + ݌ଶ  and ܧோ௠మ = ܧோ + ݌ଶ ; and ܧ௉௠భమ = ܧ௉ + ݌ଵ + ݌ଶ  and ܧோ௠భమ = ܧோ + ݌ଵ + ݌ଶ 178 
,respectively, where pi stands for the effect of mutation i on the binding of ‘RNAP’ and ri for 179 
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the effect on ‘repressor’ binding. From these measures of the mutational effects, we 180 
calculated epistasis against a multiplicative model, in the same manner as done for the 181 
experimental measurements: 182 
݌ைே௠భమ = ߝ݌ைேௐ்
݌ைே௠భ
݌ைேௐ்
݌ைே௠మ
݌ைேௐ்  
 183 
With the generic model, we ask only about the sign of epistasis and say that it is positive 184 
when ε>1 and negative when ε<1. The generic model cannot predict the magnitude of 185 
epistasis in any particular biological system without accounting for the underlying energy 186 
matrices and intracellular concentrations of relevant TFs. As the model does not account for 187 
the details of any specific regulatory system, it considers only the direct, primary effects of a 188 
mutation on binding affinity (Bintu et al. 2005a), and does not consider any potential 189 
interactions arising from secondary effects, namely the effects of a mutation on the structure 190 
of DNA (Rajkumar et al. 2013), accessibility to the binding sites (Levo and Segal 2014), protein 191 
cooperativity (Todeschini et al. 2014), looping (Levine et al. 2014), or any other potential 192 
regulatory structures. 193 
 194 
The sign of epistasis can be predicted from first principles 195 
Using the generic model, we first studied the effects of mutations only on ‘RNAP’ binding (in 196 
the absence of ‘repressor’), and found that epistasis depends only on the sign of individual 197 
mutation effects (Fig.5). Our model predicts that if mutations have the same sign, they are 198 
always in negative epistasis. This prediction arises from the non-linear relationship between 199 
binding energy and expression pon (Fig.5b). Namely, when repressor concentration goes to 200 
zero, epistasis is negative only when ݁ି௣భ +  ݁ି௣మ <  ݁ି௣భି௣మ  - a condition satisfied only 201 
when p1 and p2 have the same sign. Conversely, when the two mutations have a different 202 
sign, they will always be in positive epistasis. In general, the physical properties of the 203 
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relationship between binding and gene expression indicate that the sign of epistasis for any 204 
given TF depends only on the sign of individual mutation effects (p1 and p2) upon binding (Fig. 205 
5c). 206 
 207 
Experimental observations do not significantly differ from these predictions for the sign of 208 
epistasis (χ21,112=3.64, p=0.056), as 96 of the 113 double mutants (85%) that are in significant 209 
epistasis in the absence of CI conform to model predictions. Experimental deviations from 210 
the generic model predictions (i.e., displaying positive epistasis when both mutations have 211 
the same sign) could be due to the secondary effects of mutations, as they could affect the 212 
general context of RNAP binding (Rajkumar et al. 2013), or the ability of CI to bind 213 
cooperatively (Stayrook et al. 2008).  214 
 215 
The model also describes patterns of epistasis in the presence of a repressor. By assuming 216 
that every point mutation affects the binding of both ‘RNAP’ and ‘repressor’, we find that the 217 
environmentally dependent change in the sign of epistasis depends on the concentrations of 218 
‘RNAP’ and ‘repressor’, as well as the sign and relative magnitude of individual mutation 219 
effects (Table 1 – Source Data 1). At high ‘repressor’ concentrations, effects of mutations on 220 
‘repressor’ binding dominate over their effects on ‘RNAP binding’. In these environments, the 221 
sign of epistasis depends only on the sign of individual mutation effects on ‘repressor’ 222 
binding.  223 
 224 
In general, assuming that ‘RNAP’ concentration stays relatively constant (Raser and O'Shea 225 
2005) allows us to derive how the sign of epistasis depends on repressor concentration 226 
(Table 1). When one point mutation negatively affects only ‘RNAP’ binding, while the other 227 
only ‘repressor’ binding (Fig.5d), the system does not exhibit any epistasis when ‘repressor’ 228 
concentration is very low, as only one of the mutations affects ‘RNAP’ binding (Fig.5e). As 229 
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‘repressor’ concentration increases, the system is in positive epistasis. Finally, at very high 230 
‘repressor’ concentrations, which are probably not biologically relevant, epistasis approaches 231 
0 as the ‘repressor’ binds too strongly. When point mutations negatively affect both ‘RNAP’ 232 
and ‘repressor’ binding (Fig.5f), epistasis changes the sign from negative to positive as 233 
‘repressor’ concentration increases (Fig.5g).  234 
 235 
To intuit this finding, consider two mutations that reduce binding of both ‘RNAP’ and 236 
‘repressor’. In the absence of ‘repressor’, when only ‘RNAP’ is present, epistasis will be 237 
negative because of the negative curvature of the relationship between expression and 238 
binding energy (Fig.5b). But, in the presence of ‘repressor’, it is the relative magnitude of 239 
individual mutation effects that will determine the sign of epistasis. This is because mutations 240 
that weaken ‘repressor’ binding increase expression. If the mutation effects are larger on 241 
‘RNAP’, then the negative epistasis on expression arising from ‘RNAP’ will dominate. When 242 
the mutations have a greater effect on ‘repressor’ binding, then negative epistasis on 243 
‘repressor’ binding will dominate and lead to positive epistasis on expression, and hence to a 244 
dependence on the environment. At high ‘repressor’ concentration, only the sign of the 245 
effects of mutations on ‘repressor’ binding will determine the sign of epistasis. As most 246 
experimentally tested mutations reduce both RNAP and CI binding, our model explains the 247 
observation that most double mutants change the sign of epistasis between the two 248 
environments (Fig.4). 249 
 250 
Independent validation of the generic model predictions  251 
The experimental data from the random mutant library (Fig.3,4) shows that the patterns of 252 
epistasis between two environments follow the generic model predictions, specifically that 253 
epistasis switches sign between environments in many mutants. However, our experimental 254 
design, where we only measure gene expression levels, does not allow us to identify the 255 
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effects of a mutation on CI binding alone. For example, if a mutation decreases gene 256 
expression level in the presence of CI, we cannot know if it decreases RNAP binding, 257 
increases CI binding, or both. This prevents a more thorough verification of the generic 258 
model. In order to independently experimentally validate the generic model predictions 259 
(Table 1), it is necessary to know the effects of CRE mutations on RNAP and CI.  To obtain this 260 
information, we used the experimentally determined energy matrices for RNAP (Kinney et al. 261 
2010) and CI (Sarai and Takeda 1989), and utilized it to create five random double mutants 262 
for each possible combination of single mutation effects shown in Table 1. Due to the high 263 
specificity of binding of both RNAP and CI, we could not identify point mutations that 264 
simultaneously improved the binding of both (Supplementary File 3). Therefore, we validate 265 
the model by measuring epistasis in 30 double mutants (five for each of the six possible 266 
combinations of single mutant effects) in the two environments. We find no difference 267 
between the predicted and experimental estimates of the sign of epistasis and its 268 
dependence on the two experimental environments (Pearson’s χ22,30=0.68; p=0.72) (Fig.6). As 269 
such, the predictions about the sign of epistasis that arise from the generic model (Table 1) 270 
hold true in our experimental system.  271 
 272 
Furthermore, we tested if a simple thermodynamic model that incorporates the two energy 273 
matrices (Sarai and Takeda 1989; Kinney et al. 2010) can predict not only the sign, but also 274 
the magnitude of epistasis in the two environments. Because such a model depends on the 275 
concentrations of RNAP and CI, we estimated the values for these parameters so as to 276 
maximize the correlation between model predictions and empirical values of epistasis. When 277 
we excluded those double mutants which did not empirically exhibit significant epistasis, we 278 
found a significant fit between experimental measurements and model predictions of the 279 
magnitude of epistasis in the absence (F1,15=9.86; P<0.01) and in the presence of CI 280 
(F1,15=4.59; P<0.05) (Fig.6 - Figure Supplement 1). As such, the model predicts not only the 281 
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general patterns of epistasis (sign), but is also reasonably accurate at predicting its 282 
magnitude, which is remarkable since the model does not consider detailed molecular 283 
aspects of the experimental system, such as CI dimerization or cooperativity. 284 
 285 
DISCUSSION 286 
The theory we present here, which is based on mechanistic properties of protein-DNA 287 
binding without accounting for any details of the molecular system studied, provides an 288 
accurate prediction of the sign of epistasis and its environmental dependence for a 289 
repressible promoter system - the most common form of gene regulation in E.coli (~40% of 290 
all regulated genes (Salgado et al. 2013)). Furthermore, the fact that we use a generic model 291 
with no reference to any particular empirical measures means that our results are derived 292 
from first principles. As such, the presented results should hold as long as the effects of 293 
mutations on gene expression are mainly driven by their direct impact on TF-DNA binding, as 294 
represented by the energy matrix for a given TF. Under such conditions, the thermodynamic 295 
model, rather than the multiplicative (or additive) expectation, provides a meaningful null 296 
model for the sign of epistasis in CREs.  297 
 298 
The sign of the deviations from a multiplicative expectation can have important evolutionary 299 
consequences, such as for the evolution of sex (Otto and Lenormand 2002) or the 300 
maintenance of genetic variation (Charlesworth et al. 1995). A particularly important pattern 301 
of epistasis is sign epistasis, where the sign of the effect of a particular substitution depends 302 
on the genetic background. Sign epistasis can lead to the existence of multiple optima (local 303 
peaks). In the system we analyze here, sign epistasis cannot exist in the absence of a 304 
repressor, since there is an optimum binding site sequence and the effects of mutations have 305 
a definite sign towards this optimal sequence. In the presence of a repressor, however, sign 306 
epistasis is possible (Poelwijk et al. 2011). Furthermore, we show that the sign of epistasis 307 
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very often reverses between environments. This phenomenon, previously observed in a 308 
different system (de Vos et al. 2013; Lagator et al. 2015), could alleviate constraints coming 309 
from the existence of multiple peaks in a particular environment. The thermodynamic model 310 
provides a mechanistic basis for this observation: RNAP and repressor have opposite effects 311 
on gene expression and this, when combined with the specific shape of response induced by 312 
the thermodynamic model, can lead to the environmental dependence of the sign of 313 
epistasis.  314 
 315 
Our results concern the combined effect of mutations (epistasis) on phenotype, as opposed 316 
to fitness. Phenotypes logically precede fitness and even though it could be argued that 317 
fitness is “what matters” for evolution, since mutations spread in part based on their fitness 318 
effects, determining the fitness effects of mutations depends on the environment which may 319 
or may not be representative of “natural” conditions. Moreover, knowledge about one 320 
environment is hardly informative about the fitness patterns in a novel environment. Our 321 
results allow for the prediction of patterns of phenotypic epistasis across different 322 
environmental conditions, independent of the selection pressures applied to this phenotype. 323 
The evolutionary consequences of these patterns of epistasis can then be inferred from the 324 
knowledge (or assumptions) of how selection is acting on this phenotype, or in other words, 325 
how the phenotype maps onto fitness. 326 
  327 
In order to predict the sign of epistasis in a regulatory system, the thermodynamic model 328 
accounts for the underlying physical mechanisms that impose constraints on the genotype-329 
phenotype map under consideration. Incorporating details of physical and molecular 330 
mechanisms into models of more complex regulatory elements, as well as coding sequences 331 
(Dean and Thornton 2007; Li et al. 2016), can elucidate how epistasis impacts genotype-332 
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phenotype maps and their dynamic properties across environments, helping us to 333 
understand the environmental dependence of fitness landscapes. 334 
 335 
MATERIALS AND METHODS 336 
Gene regulation in the PR promoter system 337 
We developed a system based on the right regulatory element of the lambda phage (PR), in 338 
which we decoupled the cis- and trans-regulatory elements (Fig.2) (Johnson et al. 1981). A 339 
Venus-yfp gene (Nagai et al. 2002) is placed under the control of the cis-regulatory region 340 
containing the PR promoter with two lambda repressor CI binding sites (OR1 and OR2). The 341 
transcription factor CI represses the PR promoter by direct binding-site competition with 342 
RNAP. Separated by 500 random base pairs and on the opposite DNA strand, we placed the cI 343 
repressor gene under the control of a PTET promoter (Lutz and Bujard 1997), followed by a 344 
TL17 terminator sequence. Thus, concentration of CI transcription factor in the cell was 345 
under external control, achieved by addition of the inducer anhydrotetracycline (aTc). The 346 
entire cassette was inserted into the low-copy number plasmid pZS* carrying kanamycin 347 
resistance gene (Lutz and Bujard 1997). 348 
 349 
Random mutant library 350 
We created a library of random single and double mutants in the 43bp cis-regulatory element 351 
(consisting of the RNAP binding site and the two CI operator sites OR1 and OR2) using the 352 
GeneMorph IITM random mutagenesis kit (Agilent Technologies, Santa Clara, US). PCR 353 
products of mutagenesis reactions were ligated into the wildtype plasmid and inserted into a 354 
modified Escherichia coli K12 strain MG1655 chromosomally expressing tetR gene from a 355 
PN25 promoter. We sequenced ~500 colonies in order to create a library of 141 double 356 
mutants for which both corresponding single mutants were also identified (Supplementary 357 
File 1). We identified, in total, 89 mutants carrying only a single point mutation. Four single 358 
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and four double mutants from the library were randomly selected and the whole plasmid 359 
sequenced to confirm that during library construction no mutations were found outside the 360 
target regulatory region. 361 
 362 
We measured fluorescence for each single and double mutant, as well as the wildtype PR 363 
promoter system, both in the presence and in the absence of the inducer aTc. Six replicates 364 
of each mutant in the library were grown overnight in M9 media, supplemented with 0.1% 365 
casamino acids, 0.2% glucose, 30μg/ml kanamycin, either without or with 15ng/ml aTc. 366 
Presence or absence of aTc determined the two experimental environments. Overnight 367 
cultures were diluted 1,000X, grown to OD600 of approximately 0.05, and their fluorescence 368 
measured in Bio-Tek Synergy H1 platereader. The measured fluorescence was first corrected 369 
for the autofluorescence of the media, and then normalized by the wildtype fluorescence. All 370 
replicate measurements were randomized across multiple 96-well plates. All replicates were 371 
biological, having been kept separate from each other from the moment that the mutant was 372 
cloned and identified through sequencing. Six replicates of each mutant were measured as 373 
prior experience with similar datasets in the lab has shown it sufficient to detect meaningful 374 
differences between mutants.  375 
 376 
Statistical analyses 377 
By using a multiplicative model of epistasis, we calculated epistasis relative to the wildtype as 378 
ε = fm12 / (fm1fm2), where fm12 is the relative fluorescence of a double mutant (m12), and fm1 and 379 
fm2 the relative fluorescence of the two corresponding single mutants (m1 and m2), 380 
respectively. In order to determine statistically which double mutants exhibit epistasis (i.e. ε 381 
not equal 1), we conducted a series of FDR-corrected t-tests. The errors were calculated 382 
based on six replicates, using error propagation to account for the variance due to 383 
normalization by the wildtype. Variance is not significantly different between measured 384 
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mutants (Figure 3 – Figure supplement 1; Figure 3 – Figure supplement 2). We performed a 385 
Pearson’s chi-squared test to determine if double mutants had a tendency towards negative 386 
epistasis. We asked whether epistasis depended on the environment (defined as presence or 387 
absence of the repressor) by testing for a genotype x genotype x environment (GxGxE) 388 
interaction using ANOVA. We also tested if the experimental observations of the sign of 389 
epistasis in the absence of CI repressor corresponded to model predictions. To do that, we 390 
used the experimental measurements of the sign of single mutation effects to predict the 391 
sign of epistasis (if both mutations had the same sign then epistasis was predicted to be 392 
negative, if they differed in sign, it was predicted as positive). Then we compared the 393 
predicted distribution of the sign of epistasis to the experimental estimates using a chi-394 
squared test, limiting the test to only those double mutants that experimentally exhibited 395 
significant epistasis. For all tests, data met the assumptions, and variance between groups 396 
was not significantly different.  397 
 398 
Generic model of gene regulation with binding site competition between RNAP and 399 
repressor 400 
The model is based on previous thermodynamic approaches (Bintu et al. 2005a,b; Hermsen 401 
et al. 2006). These models consider all possible promoter occupancy states and assign a 402 
Boltzmann weight to each state.  The probability of any microstate (promoter configurations) 403 
is given by Boltzmann weights wi=e-βEi-Nμ, where Ei is the Gibbs free energy of the 404 
configuration, N is the number of TF molecules, β is 1/kBT, and μ represents the chemical 405 
potential. pon can then be calculated as the normalized sum of all configurations conducive to 406 
the initiation of transcription: 407 
݌ைே =
∑ ݓ௜௜∈⨁
∑ ݓ௜௜  
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Where the first summation is over the all configurations conducive to transcription, whereas 408 
the second is over all configurations. 409 
 410 
In our model, we consider a scenario in which an activator (such as RNAP) competes with a 411 
repressor for access to its binding site. We consider only three possible promoter 412 
configurations: the one where neither of the two proteins is bound, the one in which a 413 
‘repressor’ prevents ‘RNAP’ from accessing its binding site, and the one in which ’RNAP’ is 414 
bound to its binding site, thereby able to initiate transcription. Under these assumptions, the 415 
probability of initiation of transcription is: 416 
݌ைே =
[ܲ]݁ିఉாು
1 + [ܲ]݁ିఉாು + [ܴ]݁ିఉாೃ  
where [P] and [R] represent the exponential of the chemical potential for the ‘RNAP’ and the 417 
‘repressor’, respectively; and subscripts P and R represent ‘RNAP’ and ‘repressor’, 418 
respectively. Throughout, we measure free energies in natural units such that β=1. 419 
 420 
We assume that mutations simultaneously affect the binding of both ‘RNAP’ and ‘repressor’ 421 
to the DNA binding site. We denote the free energies of both ‘RNAP’ and ‘repressor’ binding 422 
to DNA by EP and ER, respectively. We model the effect of mutations by perturbing these 423 
energies by an additive factor. The energies of single mutants and double mutants are then 424 
ܧ௉௠భ = ܧ௉ + ݌ଵ  and ܧோ௠భ = ܧோ + ݌ଵ ; and ܧ௉௠మ = ܧ௉ + ݌ଶ  and ܧோ௠మ = ܧோ + ݌ଶ ; and 425 
ܧ௉௠భమ = ܧ௉ + ݌ଵ + ݌ଶ and ܧோ௠భమ = ܧோ + ݌ଵ + ݌ଶ ,respectively, 426 
 427 
We calculate epistasis against a multiplicative model for the effect of mutations on pON:  428 
݌ைே௠భమ = ߝ݌ைேௐ்
݌ைே௠భ
݌ைேௐ்
݌ைே௠మ
݌ைேௐ்  
 and so epistasis is measured by: 429 
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ߝ = ݌ைே
ௐ்
݌ைே௠భ
݌ைே௠భమ
݌ைே௠మ
= (1 + ܣ݁
ି௥భ + ܤ݁ି௣భ)(1 + ܣ݁ି௥మ + ܤ݁ି௣మ)
(1 + ܣ + ܤ)(1 + ܣ݁ି௥భି௥మ + ܤ݁ି௣భି௣మ)  
where ܣ = [ܴ]݁ିாೃ  and ܣ = [ܲ]݁ିாು . We say that epistasis is positive when ε>1 and 430 
negative when ε<1. We then find the conditions for which epistasis is positive in the presence 431 
(A>0) or absence (A=0) of repressor.  432 
 433 
Empirical verification of the generic model 434 
In order to empirically test the predictions of the generic model on the relationship between 435 
sign of individual mutations and the sign of epistasis in two environments, we aimed to select 436 
5 random double mutants from each category from Table 1. Effects of mutations on RNAP 437 
and on CI were obtained from the experimentally determined energy matrices of RNAP 438 
(Kinney et al. 2010) and CI (Sarai and Takeda 1989) binding. We could not validate the model 439 
from the random mutant library, as the majority of mutants fell in regions that are poorly 440 
described by the energy matrices. For this reason, we aimed to create this new library. As the 441 
PR promoter is very strong, finding double mutants where both mutations improved 442 
expression was not possible. Hence, we selected 5 double mutants from 6 categories 443 
(Supplementary File 3), and synthesized them, as well as their corresponding single mutants, 444 
using annealed oligonucleotide overlap cloning. We measured fluorescence of these mutants 445 
and calculated epistasis in the same manner as described for the random mutant library, and 446 
we asked if the epistasis for each double mutant was different from the null-expectation in 447 
the manner described in section ‘Statistical analyses’. We used Pearson’s chi-square test to 448 
determine if the environmental-dependence of the sign of epistasis in the experimental 449 
measurements differs from model predictions.  450 
 451 
In order to test whether the thermodynamic model can also predict the magnitude of 452 
epistasis, we incorporated the energy matrices for RNAP (Kinney et al. 2010) and CI (Sarai 453 
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and Takeda 1989) into the generic model. As the energy matrix for RNAP contained one 454 
additional position in the spacer region between -10 and -35 sites compared to the 455 
experimental PR system, we eliminated one position in that region that had lowest impact on 456 
overall RNAP binding. In the manner described above, we modeled epistasis in those mutants 457 
from the 30-mutant validation library that exhibited significant epistasis. As the 458 
thermodynamic model depends on the concentrations of RNAP and CI, we estimated the 459 
values for these parameters so as to maximize the correlation between model predictions 460 
and empirical values of epistasis. In order to estimate how well the model predicted the 461 
magnitude of epistasis, we fitted a linear regression between experimental measurements of 462 
epistasis and the model predictions, both in the absence and in the presence of CI.  463 
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FIGURES AND TABLES 604 
TABLE 1. 605 
 606 
 607 
Table 1: Sign of epistasis in a simple CRE depends on the environment and the sign of 608 
individual mutation effects. We consider two environments, one without repressor when 609 
mutations affect only RNAP binding, and the other with high repressor concentration. In the 610 
first environment, sign of epistasis is determined only by the sign of individual mutation 611 
effects on RNAP binding, while in the second environment it is the sign of individual 612 
mutation effect on the repressor that matters. For each mutation, the signs (‘+’ and ‘-‘) 613 
represent the sign of its effect on the binding of RNAP (p) and repressor (r), respectively. 614 
‘neg -> pos’ and ‘pos -> neg’ represent combinations that display transitions from negative  615 
 24
to positive, or positive to negative epistasis, respectively. Certain combinations of mutations 616 
are always in negative or always in positive epistasis. The extended version of this table, 617 
which does not assume a constant ‘RNAP’ concentration in the cell, is provided in Table 1 – 618 
Source Data 1.  619 
 620 
 621 
Figure 1. The different types of epistasis between two point mutations. Two point 622 
mutations, A and B (grey), individually increase the measured quantitative phenotype (gene 623 
expression, for example) compared to the wildtype. In this study, we use the multiplicative 624 
expectation of how the phenotypic effects of two mutations contribute to the double mutant 625 
phenotype, according to which epistasis = fm12 / (fm1fm2), where fm12 is the relative 626 
fluorescence of a double mutant (m12), and fm1 and fm2 the relative fluorescence of the two 627 
corresponding single mutants (m1 and m2), respectively. An alternative to the multiplicative 628 
assumption would be the additive one, in which the effect of the double mutant in the 629 
absence of epistasis is the sum of the effects of single mutants. The multiplicative model is a 630 
better assumption for gene expression data, as there is a lower limit on this trait (Cordell 631 
2002). In the absence of an interaction between mutations (‘no epistasis’ scenario, 632 
represented by a grey circle) the phenotype of the double mutant is the product of the 633 
individual mutation. If the effect of the double mutant is greater or lower than the 634 
multiplicative expectation, the two mutations are said to be in positive (blue) or negative 635 
(orange) magnitude epistasis, respectively. Sign epistasis (dark green) occurs when one 636 
mutation has the opposite effect in the presence of the other (as for mutation B above). 637 
Reciprocal sign epistasis (light green) indicates a situation when both mutations have the 638 
opposite effect when in the presence of the other, compared to when they occur 639 
independently on the wildtype background.  640 
 641 
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Figure 2. Experimental system. The PR promoter system used in the empirical measurements 642 
consists of a strong lambda phage PR promoter (RNAP binding site) and two CI operator sites 643 
(transcription factor binding sites OR1 and OR2), which control the expression of a venus-yfp 644 
reporter gene. cI is encoded on the opposite strand, separated by a terminator and 500bp of 645 
random sequence, and under the control of an inducible promoter PTET. Both venus-yfp and cI 646 
genes are followed by a terminator sequence. a) In the absence of CI, the promoter is fully 647 
expressed. b) CI binds cooperatively to two operators in order to repress the promoter. 648 
 649 
 650 
Figure 3. Epistasis in the absence and in the presence of CI. Points show log10 of expected 651 
versus log10 of observed double mutant effects (each relative to wildtype fluorescence) for all 652 
141 double mutants, in the a) absence; and b) presence of the CI repressor. The solid line 653 
represents no epistasis (expected equal to the observed double mutant expression). Six 654 
replicates of each mutant were measured. Bar charts show total number of double mutants 655 
exhibiting positive (orange) and negative (blue) epistasis, while the darker areas represent 656 
the number that are significantly different from the null expectation of the model (no 657 
epistasis). The data presented in this figure can be found in Fig.3 – Figure Supplement 1, Fig.3 658 
– Figure Supplement 2, and Figure 3 – Source Data 1. 659 
 660 
 661 
Figure 4. Sign of epistasis changes with the environment for most double mutants. Points 662 
show the log10 value of epistasis in the absence of repressor, and the difference in the log10 663 
value of epistasis in the presence and the absence of repressor - log10 (εCI) – log10 (εnoCI), for all 664 
141 double mutants. Points above the solid diagonal line exhibit positive, while points below 665 
exhibit negative epistasis in the presence of the CI repressor. Most mutants have a different 666 
sign of epistasis between the two environments (gray area). Bar chart shows total number of 667 
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double mutants that are always in positive (orange) or in negative (blue) epistasis, and the 668 
total number that changes sign between the two environments (gray). The darker areas in 669 
the bars represent the number that are significantly different from the null expectation of 670 
the model (no epistasis) in both environments. Six replicates of each mutant were measured. 671 
The data presented in this figure is calculated from Figure 3 – Source Data 1.  672 
 673 
 674 
Figure 5. Overview of the generic model. The theoretical approach used in this study, 675 
originally developed to describe gene regulation by the lambda bacteriophage repressor CI 676 
(Ackers et al. 1982), relies on statistical thermodynamics assumptions to model initiation of 677 
transcription. a) In this framework, each DNA-binding protein is assigned a binding energy (Ei) 678 
to an arbitrary stretch of DNA. Given a set of DNA binding proteins (a generic RNAP-like and a 679 
generic repressor-like TF, in this case) and a promoter sequence, a Boltzmann weight can be 680 
assigned to any configuration of these TFs on the promoter. By assigning a Boltzmann weight 681 
to all configurations, one can calculate the probability of finding the system in a configuration 682 
that leads to the initiation of transcription. b) When considering only the binding of a single 683 
protein to DNA (for example ‘RNAP’ only), if mutations have a negative effect on protein-DNA 684 
binding, the model predicts negative epistasis between them in terms of expression. This 685 
prediction arises from the non-linear relationship between binding energy and gene 686 
expression pon (dotted line). In this illustration, we show a relative change in binding energy 687 
compared to the sequence with highest possible binding, in kT. c) By generalizing the 688 
properties of the relationship between binding and gene expression, we conclude that the 689 
sign of epistasis depends only on the sign of individual mutation effects (p1 and p2) upon 690 
binding. When both ‘RNAP’ and ‘repressor’ are present in the system, epistasis depends on 691 
the ‘repressor’ concentration and the magnitude of single mutation effects on ‘RNAP’ and 692 
‘repressor’ binding (d,e,f,g). d) One point mutation negatively affects only ‘RNAP’ binding, 693 
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while the other only ‘repressor’ binding. e) Under such circumstances, the system shows no 694 
epistasis at low ‘repressor’ concentrations, but is in positive epistasis when ‘repressor’ 695 
concentration increases. Finally, at very high repressor concentrations, epistasis approaches 696 
0. f) Point mutations negatively affect both ‘RNAP’ and ‘repressor’ binding. g) Under such 697 
conditions, epistasis changes the sign from negative to positive as repressor concentration 698 
increases.  699 
 700 
 701 
Figure 6. The thermodynamic model accurately predicts sign of epistasis and its 702 
environment-dependence. In order to conduct an independent test of the assumptions of 703 
the generic model, we expanded the generic model to include specific information about the 704 
two TFs relevant to the experimental system – namely, the energy matrices for RNAP (Kinney 705 
et al. 2010) and CI (Sarai and Takeda 1989). We could not use the 141 random mutants to 706 
validate the model, as most of them contained mutations that were in the regions of the CRE 707 
that were poorly characterized by the energy matrices. Therefore, using the energy matrices, 708 
we had to create a new library consisting of 5 random double mutants for each category 709 
from Table 1. As we could not identify any single point mutations that simultaneously 710 
improved the binding of both RNAP and repressor, we tested if empirical measurements of 711 
epistasis conformed to model predictions in 30 mutants. The model predictions of the sign of 712 
epistasis and its environment dependence were based only on the sign of individual mutation 713 
effects on RNAP and repressor binding. The location of points corresponds to the 714 
experimental measurement of epistasis for each mutant, while the color indicates the model 715 
prediction: (i) blue - double mutants predicted to be in negative epistasis both in the absence 716 
and in the presence of the repressor CI; (ii) orange - double mutants that are always in 717 
positive epistasis; (iii) grey - double mutants predicted to change the sign of epistasis in the 718 
two environments. The color intensity indicates significance – lighter shades represent non-719 
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significant, darker shades represent significant epistasis in both environments (see ‘Empirical 720 
verification of the thermodynamic model’ section in Online Methods). Six replicates of each 721 
mutant were measured. The data underlying this figure is presented in Figure 6 – Source Data 722 
1. The quantitative test of how well the thermodynamic model predicts the magnitude of 723 
epistasis in this dataset is presented in Fig.6 – Figure Supplement 1.  724 
 725 
 726 
Table 1 – Source Data 1. General conditions for the sign of epistasis in two environments. 727 
Conditions for positive epistasis on gene expression where ܣ = [ܴ]݁ିாೃ, ܤ = [ܲ]݁ିா೛  , 728 
ܣ∗ = ௣భା௣మି௣భ௣మିଵ(௣భି௥భ)(௣మି௥మ) and ܤ
∗ = ஺(௥భା௥మି௥భ௥మିଵ)ଵି௣భି௣మା௣భ௣మା஺(௣భ௣మି௣మ௥భି௣భ௥మା௥భ௥మ). “+” mutation means that 729 
it improves the binding of that protein to the binding site, a “-“ mutation decreases  binding 730 
affinity. r1 , p1 are the effects (ݎ௜, ݌௜ = ݁ିఌ) of mutation 1 on the repressor, and the 731 
polymerase, respectively.  732 
 733 
 734 
Figure 3 – Figure Supplement 1. Relative fluorescence of single mutants. Bars are mean 735 
fluorescence relative to wildtype in the a) absence; and b) presence of the repressor CI. 736 
Mean fluorescence shown in ascending order. The dotted line shows the wildtype 737 
fluorescence. Error bars are standard deviations. 738 
 739 
 740 
Figure 3 – Figure Supplement 2. Relative fluorescence of double mutants. Bars are mean 741 
fluorescence relative to wildtype in the a) absence; and b) presence of the repressor CI. 742 
Mean fluorescence shown in ascending order. The dotted line shows the wildtype 743 
fluorescence. Error bars are standard deviations. 744 
 745 
 746 
Figure 3 – Source Data 1. Fluorescence measurements of single and double mutants, and 747 
the calculated values for epistasis for the random mutant library. Multiplicative epistasis, 748 
both in the absence and in the presence of the repressor CI, for each double mutant from 749 
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the random mutant library is provided along with the standard deviation for the 750 
measurement, the t-test value (5 degrees of freedom), and the FDR-corrected P value. 751 
Double mutants that do not exhibit a significant epistatic interaction are marked in green. 752 
Wildtype normalized fluorescence measurement of each single and double mutant, from 753 
which the epistasis values were calculated, is also provided for both environments.  754 
 755 
 756 
Figure 6 – Figure Supplement 1. The thermodynamic model predicts the magnitude of 757 
epistasis. By incorporating specific information about the biological system studied, in the 758 
form of energy matrices for RNAP (Kinney et al. 2010) and CI (Sarai and Takeda 1989), we 759 
could test if the model predicts not only the sign, but also the magnitude of epistasis. Linear 760 
regression between empirical measurements and the model predictions of epistasis is 761 
shown (dashed line) for all mutants in Figure 5 that exhibited significant epistasis. Epistasis 762 
was estimated in the a) absence; and b) presence of CI. Grey lines show no epistasis 763 
(epistasis value of 1). 764 
 765 
 766 
Figure 6 – Source Data 1. Fluorescence measurements of single and double mutants, and 767 
the calculated values for epistasis for the validation mutant library. Multiplicative epistasis, 768 
both in the absence and in the presence of the repressor CI, for each double mutant from 769 
the 30-mutant validation library, is provided along with the standard deviation for the 770 
measurement, the t-test value (5 degrees of freedom), and the FDR-corrected P value. 771 
Double mutants that do not exhibit a significant epistatic interaction are marked in green. 772 
Wildtype normalized fluorescence measurement of each single and double mutant, from 773 
which the epistasis values were calculated, is also provided for both environments. 774 









